The epidermal growth factor receptor is overexpressed in 70-90% of cervical cancers. Previously, we have shown that epidermal growth factor receptor overexpression independently predicts poor prognosis in cervical cancer patients, which makes it a potential therapeutic target. The aim of this study was to systematically analyze the molecular mechanism leading to epidermal growth factor receptor overexpression in cervical cancer. All experiments were performed on archival paraffin-embedded material. In 166 cervical cancer patients, cytoplasmic, membrane and phosphorylated epidermal growth factor receptor protein expression were studied in association with patient survival. Membrane epidermal growth factor receptor overexpression was associated with poor disease-specific survival (P ¼ 0.027). This association was particularly present in human papillomavirus 16-positive patients (P ¼ 0.029). We analyzed whether epidermal growth factor receptor overexpression was caused by gene amplification using fluorescence in situ hybridization. Epidermal growth factor receptor gene copy number was linked to chromosome 7 ploidy, as no gene amplification could be detected when corrected for chromosome 7 centromeric signals. Chromosome 7 aneuploidy was associated with membrane epidermal growth factor receptor overexpression (P ¼ 0.013). Additional mutation analysis was performed by sequencing pure, flow-sorted tumor cells, but no mutations were detected. Furthermore, human papillomavirus 16 E5 and E6 oncogene mRNA expression was measured, using quantitative real-time polymerase chain reaction, to determine the association between the human papillomavirus and epidermal growth factor receptor overexpression. High human papillomavirus 16 E5 and E6 mRNA expression were associated with decreased survival (P ¼ 0.045 and 0.047, respectively). High human papillomavirus 16 E6 mRNA expression was associated with membrane epidermal growth factor receptor overexpression (P ¼ 0.013). This is the first study performed on cancer patient material showing that chromosome 7 aneuploidy and high human papillomavirus 16 E6 mRNA expression lead to membrane epidermal growth factor receptor overexpression in cervical cancer.
Cervical cancer is the second most common cancer among women worldwide. 1 Radical surgery and radiotherapy often provide satisfactory results for early-stage cervical cancer, but effective treatment options for patients with locally advanced disease are limited. With 5-year overall survival rates of B70% reported for chemo-/radiotherapy-treated patients, treatment response rates offer room for improvement. 2, 3 The epidermal growth factor receptor (EGFR) is currently being explored as a therapeutic target in cervical cancer, as it is overexpressed in 70-90% of the cases. [4] [5] [6] Encoded by the c-ErbB1 proto-oncogene on chromosome 7p, the EGFR is a member of the ErbB family of receptor tyrosine kinases. Activation of EGFR leads to cell growth, differentiation, resistance to apoptosis, cell cycle progression and angiogenesis. 7 EGFR-based therapy is now being used for head and neck squamous cell carcinoma, colorectal carcinoma and non-small-cell lung carcinoma. [8] [9] [10] [11] However, not all patients responded equally and knowledge of the mechanism of EGFR overexpression made it possible to select patients likely to benefit from EGFR-based therapy. Biomarkers predictive of response to EGFR therapy include gene amplification and activating mutations in EGFR. 7, 12, 13 In cervical cancer, the mechanism leading to EGFR overexpression has not been clarified, even though EGFR-based therapy trials are currently being initiated. 14 Previously, we have shown that EGFR overexpression is an independent predictor for poor prognosis in cervical cancer. 15 More recently, EGFR overexpression has also been reported to be related to poor response to chemoradiation. 16 Studies investigating the mechanism of EGFR overexpression in cervical cancer showed no EGFR mutations or gene amplifications, but sample sizes were small and EGFR protein expression was not determined. 17, 18 The human papillomavirus (HPV) plays a central role in the carcinogenesis of cervical cancer. Expression of the E6 and E7 HPV oncogenes leads to the degradation and suppression of function of the p53 and retinoblastoma tumor suppressor proteins. 19, 20 Although HPV oncogene expression has been associated with EGFR overexpression in vitro, [21] [22] [23] studies substantiating these findings in cervical cancer patients have not been performed.
The aim of this study was to systematically investigate the molecular mechanisms leading to EGFR overexpression in cervical cancer. Therefore, we conducted a comprehensive study in a cohort of 166 cervical cancer patients. First, we examined cytoplasmic and membrane EGFR protein expression, as well as phosphorylated EGFR (pEGFR) expression, in association with disease-specific survival. Second, we analyzed whether EGFR overexpression is related to EGFR gene copy number or mutations in EGFR in the same patient cohort. Finally, we determined HPV E5 and E6 mRNA expression to assess the effect of these HPV oncogenes on EGFR overexpression in cervical cancer patients.
Materials and methods

Study Population
Formalin-fixed, paraffin-embedded tumor material from 166 cervical cancer patients who underwent radical hysterectomy with lymphadenectomy between 1985 and 2005 was retrieved from the archives of the Department of Pathology, Leiden University Medical Center, Leiden, the Netherlands. Patients had not received radio-or chemotherapy before surgery. Clinical and follow-up data were taken from patient medical records. Tumors were HPV-typed by general primer polymerase chain reaction (PCR) and sequencing, as described by Koopman et al. 24 In short, HPV detection was performed by PCR using CP-I/II, GP5 þ /6 þ and MY09/MY11 consensus primers. Samples that were found to be positive for HPV were subsequently sequenced to determine the HPV genotype. This study was approved by the Institutional Review Board according to the Dutch Federation of Medical Research Associations.
EGFR Protein Expression Analysis
Four-mm paraffin-embedded tissue sections were deparaffinized and rehydrated. Endogenous peroxidase was blocked with 0.3% hydrogen peroxide (H 2 O 2 ) for 20 min. Antigen retrieval was performed in 0.4% pepsin in 0.01 M hydrochloric acid (HCl) (pH ¼ 2.0, 30 min, 37 1C, water bath) and 10 mM/0.5 mM Tris/ethylene glycol-tetraacetic acid (pH ¼ 9.0, 15 min, microwave oven) for EGFR and pEGFR, respectively. Slides were incubated overnight at room temperature with anti-EGFR (1:40, clone 31G7; Invitrogen, Breda, the Netherlands) diluted in PBS containing 1% bovine serum albumin (BSA) and overnight at 4 1C with antipEGFR (tyrosine 1173, 1:200, clone 53A5; Cell Signaling, Danvers, MA, USA) diluted in PBS/1% BSA with 5% normal goat serum. After washing with PBS, the tissue sections were incubated for 30 min with PowerVision-Poly/HRP (Immunologic, Duiven, the Netherlands). Immunoreactions were visualized using 0.5% 3.3 0 -diamino-benzidine-tetrahydrochloryde (DAB) and 0.002% H 2 O 2 in Tris-HCl for EGFR and using a DAB þ chromogen (Dako, Heverlee, Belgium) for pEGFR. The sections were then counterstained with hematoxylin.
The intensity of both cytoplasmic/membrane staining and membrane staining of the EGFR (hereafter referred to as EGFR and mEGFR staining, respectively) were scored as negative (0), weak (1), moderate (2) or strong (3). Strong immunoreactivity was defined as complete membrane staining, producing a thick outline of the cell. Staining of the pEGFR was scored as either negative or positive membrane staining.
Gene Copy Number Analysis
Fluorescence in situ hybridization (FISH) on a tissue array containing 103 cervical cancer samples was performed as described previously. 25 In short, the tissue array slide was incubated in Tris/EDTA buffer (pH ¼ 9.0) in a pressure cooker for 12.5 min. RNAse treatment was performed for 1 h at 37 1C (1 mg/ml 2 Â SSC), followed by incubation with 0.1% pepsin in H 2 O (pH ¼ 2, 15 min, 37 1C). A chromosome 7 centromeric region probe (p7t1 alphoid satellite probe) 26 was labelled with biotin by standard nick translation. For EGFR, PAC clone RP5-1091E12 was selected from the Ensembl Genome Browser (http:// www.ensembl.org/Homo_sapiens/Location/Overview?r ¼ 7:54898372-55398371) and was labelled with digoxigenin-12-dUTP (Roche, Basel, Switzerland) by standard nick translation. The hybridization solution contained 50% formamide, 10% dextran sulfate, 50 mM sodium phosphate (pH ¼ 7.0), 2 Â SCC, 3 ng/ml of each probe and a 50-fold excess of human Cot-1 DNA (BRL-Life Technologies, Rockville, MD, USA). After applying the probe mix, the slide was heated at 80 1C for 12 min and incubated overnight in a moist chamber at 37 1C. Immunodetection was performed as described previously. 25 Images were captured using a COHU 4910 series monochrome CCD camera (COHU, San Diego, CA, USA) attached to a DM fluorescence microscope (Leica, Wetzlar, Germany) equipped with a PL Fluotar 100 Â , NA 1.30-0.60 objective and I3 and N2.1 filters (Leica) and Leica QFISH software (Leica Imaging Systems, Cambridge, UK).
Mutation Analysis
DNA samples of 96 cervical cancer patients randomly selected from the study population were used. DNA was isolated from pure tumor cells, which were isolated from formalin-fixed, paraffin-embedded tumor specimens, using fluorescence-activated cell sorting, as described previously by Corver et al.
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DNA was amplified in a 10 ml reaction containing 3 ml DNA solution (approximately 500 cells per ml), 5 ml IQ mix, 0.5ml primer and 1. 
RNA Expression Analysis by Quantitative Real-Time PCR
Total RNA was extracted from paraffin-embedded cervical cancer samples from 39 HPV16-positive patients with sufficient tumor material present in the paraffin block (470%). Samples were treated twice with 1 ml xylene for 10 min, washed with 100% ethanol and dried at 60 1C. Samples were digested at 80 1C for 30 min using 20 mM Tris, 1 mM EDTA and 2% SDS, and incubated overnight at 56 1C with 1 mg/ ml RNAse-free proteinase K (Invitrogen). The next day, proteinase K was added again and the samples were incubated for 3-4 h. Subsequently, TRIzol (Invitrogen) and chloroform were added and RNA was isolated according to the manufacturer's protocol. Samples were treated with DNAse and reverse transcription was performed as described previously. 28 Primers for HPV16 E5 and HPV16 E6 were designed according to Kivi et al 29 and de Boer et al, 28 respectively, and primers for EGFR were designed online (http://www.roche.com). All primer sequences are shown in the Supplementary information available at Modern Pathology's website. Each reaction was performed in duplicate on cDNA from HPV16-positive tumor specimens and included a standard curve of cDNA derived from five formalinfixed, paraffin-embedded cervical cancer cell lines, namely CaSki, SiHa, CSCC1, C33 and HeLa. Quantitative PCR reactions were performed with an iCycler iQ detection system and analyzed using Optical Software (Biorad, Richmond, CA, USA). The expression of four reference genes (ACTB, HNRPM, RPL11 and UBC) was measured and the most stably expressed genes were identified with GeNorm. 30 The geometric mean of ACTB and RPL11 was determined and expression data were normalized and log-transformed before statistical analysis.
Statistical Analysis
Statistical analyses were performed using the SPSS statistical program (Version 16.0 for Windows; SPSS Inc., Chicago, IL, USA). Significance tests were twosided and statistical significance was assumed when Po0.05, corresponding to 95% confidence intervals (CI). The chi-squared (w 2 ) test was used for comparison of categorical data. Correlation analysis was performed using the Pearson's correlation test. Survival plots were made using the Kaplan-Meier method, testing significant differences using the log-rank test.
Results
Study Population
A total of 166 patients with cervical cancer were enrolled. Clinicopathological characteristics of patients are summarized in Table 1 . Median follow-up time was 113 months (range, 3-258) for all patients and 139 months (range, 3-258) for patients alive at the time of data collection.
Association between Clinicopathological Factors and Protein Expression of EGFR, mEGFR and pEGFR
To quantify EGFR expression, immunohistochemical staining of EGFR was scored for EGFR, mEGFR and pEGFR. Representative examples of immunoreactivity are shown in Figure 1 . Out of 166 patients, 14 patients showed normal epithelium next to the tumor. Of these 14 patients, the epithelium stained positive (normal expression, clearly distinguishable from the overexpression in the tumor) for nine patients and weak or negative for five patients. The staining was predominantly membranous. EGFR overexpression in cervical cancer specimens was defined as moderate or strong staining intensity. The distribution of EGFR, mEGFR and pEGFR staining is shown in Table 2 . pEGFR expression correlated with EGFR (P ¼ 0.008) and mEGFR (P ¼ 0.001) expression, and EGFR expression correlated with mEGFR expression (Po0.001). Both EGFR and mEGFR overexpression were observed more frequently in squamous cell carcinoma than in adeno(squamous) carcinoma (P ¼ 0.002 and o0.001, respectively), whereas pEGFR expression was not related to histopathological diagnosis (P ¼ 0.583, Table 2 ). EGFR overexpression was positively associated with tumor size greater than 40 mm (P ¼ 0.036) and tumor node metastasis (TNM) stage (P ¼ 0.005). mEGFR overexpression was positively associated with tumor size (P ¼ 0.021), lymph node positivity (P ¼ 0.004), vaso-invasion (P ¼ 0.043), parametrial invasion (P ¼ 0.009) and TNM stage (P ¼ 0.002). pEGFR expression was not associated with HPV type, tumor size, lymph node positivity, vaso-invasion, infiltration depth, parametrial invasion or TNM stage.
During the follow-up period, 45 patients died of cervical cancer (29%). The 5-year disease-specific survival rate was 71% in patients overexpressing EGFR compared with 83% in patients not overexpressing EGFR (P ¼ 0.084, Figure 2a ), 73% in patients expressing pEGFR compared with 76% in pEGFR-negative patients (P ¼ 0.529, Figure 2b ) and 72% in patients overexpressing mEGFR compared with 87% in patients not overexpressing mEGFR (P ¼ 0.027, Figure 2c ).
To analyze whether HPV positivity influences the association between EGFR expression and survival, we conducted survival analyses for the most prominent HPV types associated with cervical cancer (HPV16 and HPV18). For HPV16-positive patients (N ¼ 79), mEGFR overexpression was associated with disease-specific survival (P ¼ 0.029, Figure 2d ), whereas EGFR and pEGFR were not. For HPV18-positive patients (N ¼ 31), EGFR, mEGFR and pEGFR expression were not associated with disease-specific survival (data not shown). Also, for patients with other HPV types (N ¼ 25) or HPVnegative patients (N ¼ 11), EGFR, mEGFR and pEGFR expression were not associated with disease-specific survival (data not shown).
Mechanism Leading to EGFR Overexpression
To analyze whether gene amplification is the predominant underlying mechanism for EGFR overexpression in cervical cancer, we performed FISH on a tissue array of 103 cervical cancer patients. In cervical cancer cells, EGFR was not amplified, when adjusted for ploidy of chromosome 7 ( Figure 3) . However, chromosome 7 aneuploidy was associated with mEGFR overexpression (P ¼ 0.013, Table 3 ).
To assess whether mutations in EGFR were associated with EGFR overexpression, exon 18, 19, 20 and 21 were sequenced. For 96 patients, mutation analysis was performed on DNA isolated from flow-sorted, pure tumor cell subpopulations of paraffin-embedded cervical cancer specimens to ensure that contaminating normal cells do not interfere with the results. Although a common single-nucleotide polymorphism was apparent in exon 20 (rs1050171), analysis did not reveal any mutations in exons 18-21.
We also investigated the relation between HPV oncogenes and EGFR overexpression. As the association between disease-specific survival and mEGFR overexpression was strongest in HPV16-positive patients, mRNA expression levels of the HPV16 oncogenes E5 and E6 were determined. Furthermore, EGFR mRNA expression was measured to assess whether EGFR overexpression is associated with HPV16 E5 and E6 mRNA at the transcriptional level. mRNA expression levels of EGFR, HPV16 E5 and E6 were available for 32, 29 and 27 HPV16-positive patients, respectively. All values were corrected for the geometric mean of two reference genes, RPL11 and ACTB. Expression levels of HPV16 E5 and E6 were correlated (R 2 ¼ 0.528, Po0.001), but EGFR mRNA expression showed no correlation with E5 (R 2 ¼ 0.073, P ¼ 0.212) or E6 expression (R 2 ¼ 0.011, P ¼ 0.615). HPV16 E6 mRNA expression was positively associated with mEGFR protein expression (P ¼ 0.013, Table 3 ). High expression of HPV16 E5 and high expression of EGFR mRNA were not associated with EGFR protein expression (Table 3) .
Association between Clinicopathological Factors and Chromosome 7 Aneuploidy, mRNA Expression of HPV16 E5, HPV16 E6 and EGFR Chromosome 7 aneuploidy was positively associated with tumor size greater than 40 mm (P ¼ 0.006), but not with histopathology, TNM stage, infiltration depth, vaso-invasion, parametrial infiltration, lymph node positivity or prognosis (data not shown).
On the basis of the normal distribution of logtransformed expression data, an independent samples t-test was used to examine associations between E5, E6 and EGFR mRNA expression and clinicopathological factors. High HPV16 E6 expression was associated with vaso-invasion (mean difference ¼ 2.84 nSQ, 95% CI: 1.10-4.58, P ¼ 0.003) and infiltration depth of Z15 mm (mean difference ¼ 3.00 nSQ, Figure 1 Immunohistochemical staining of epidermal growth factor receptor (EGFR) and phosphorylated EGFR (pEGFR) in squamous cell carcinoma of the cervix. Cytoplasmic/membrane staining of EGFR and membrane staining of EGFR (EGFR and mEGFR, respectively) were scored as strong (a), moderate (b), weak (c) or negative (d). pEGFR at Tyr1173 (pEGFR) was scored as positive (e) or negative (f). Original magnification Â 400.
95% CI: 1.04-4.96, P ¼ 0.004). HPV16 E6 expression was positively correlated with TNM stage (R 2 ¼ 0.172, P ¼ 0.039). No other associations were found for HPV16 E5, E6 and EGFR mRNA expression.
To establish whether high HPV16 oncogene expression was associated with survival, data were categorized according to mRNA expression greater and smaller than the 75th percentile. In contrast to EGFR mRNA expression (P ¼ 0.943), high expression of HPV16 E5 and E6 were associated with decreased disease-specific survival (P ¼ 0. 
Discussion
We have investigated the association between EGFR expression and survival, as well as systematically analyzed the mechanisms responsible for EGFR overexpression in cervical cancer. Our data showed that mEGFR overexpression was associated with reduced survival in 166 cervical cancer patients. No mutations in EGFR were found. Overexpression of mEGFR was associated with aneuploidy of chromosome 7 and high expression of HPV16 E6 mRNA.
The proportion of cervical cancer patients overexpressing EGFR in this study is consistent with previous reports. [4] [5] [6] 15 The association between mEGFR overexpression and prognosis has been reported previously with EGFR either as a single marker for decreased survival, or in combination with other biomarkers, such as COX-2.
4,15,31 Lee et al 32 compared cytoplasmic and membrane staining of EGFR and showed that only increased membrane staining was associated with impaired survival. Our results confirm that in cervical cancer only mEGFR overexpression and not pEGFR or cytoplasmic EGFR expression is negatively associated with prognosis. EGFR is overexpressed in other cancer types, including glioblastoma multiforme, non-small-cell lung cancer and head and neck squamous cell cancer. In non-small-cell lung cancer, exons 18-21 are mutation hotspots, with deletions in exon 19 and the L858R mutation in exon 21 responsible for 85-90% of all EGFR mutations. 13, 33 In head and neck squamous cell cancer, in which HPV infection contributes to B40% of the cases, EGFR mutations were found in 16% of all cases, but no EGFR mutations were detected in HPV-positive tumors. 34, 35 These results suggest that the mechanism for EGFR overexpression in HPV-positive tumors is not associated with mutations in EGFR. In accordance with previous studies, we found no EGFR mutations in 96 cervical cancer specimens tested. 17 As DNA was isolated from flow-sorted, pure tumor cells, we ensured that the probability of misinterpreting the results owing to dilution of tumor DNA with normal/stromal DNA was non-existent.
In glioblastoma multiforme, gene amplification is the predominant underlying mechanism of EGFR overexpression. 36 Previously, Marzano et al 18 reported that EGFR was not amplified in cervical cancer, when EGFR signals were corrected for chromosome 7 centromeric signals. However, EGFR protein expression was not analyzed in their study, so the effect of chromosome 7 aneuploidy could not be determined. We showed that although EGFR was not amplified in cervical cancer, chromosome 7 aneuploidy was associated with mEGFR overexpression.
Furthermore, our data also showed that HPV16 E6 expression was associated with mEGFR overexpression. Increased EGFR mRNA and protein levels have been reported in cervical cancer specimens, compared with normal cervical epithelium. 6, 37 Immortalization of normal keratinocyte cell lines by transfection with HPV16 E6 showed upregulation of the EGFR, whereas HPV16 E5 and HPV16 E7 and HPV6 E6 did not influence EGFR expression. 23, 38 Correspondingly, transfection of the cervical cancer cell line HeLa with antisense E6/E7 sequences resulted in the downregulation of the EGFR. 39 As the E6 protein is known to target p53 for degradation, it has been suggested that HPV16 E6 regulates EGFR expression through p53. 23 Indeed, inhibition of p53 was shown to increase EGFR expression in HPV16-immortalized human keratinocytes, supporting this hypothesis. 40 To substantiate previous in vitro reports showing that the E5 protein increases EGFR expression by inhibiting the interaction of c-Cbl with the activated EGFR, thus decreasing EGFR degradation, 22 we studied E5 expression in our patient cohort. Transgenic mouse models showed that expression of HPV16 E5 induced epithelial tumors and that this function of E5 was dependent on EGFR expression. 41 However, although in our study high E5 and E6 mRNA expression were both associated with poor survival, we could not substantiate an association between HPV16 E5 and mEGFR expression. This could result from the fact that HPV16 E5 plays an important role in early carcinogenesis, or from the fact that E5 and E6 expression levels were strongly correlated.
In conclusion, we present a comprehensive study on the molecular mechanisms of EGFR overexpression in cervical cancer, using state-of-the-art techniques applied on archival, paraffin-embedded Figure 2 Disease-specific survival in patients with epidermal growth factor receptor (EGFR) overexpression (a), phosphorylated EGFR (pEGFR) overexpression (b), membrane staining of the EGFR (mEGFR) overexpression (c) and mEGFR overexpression for human papillomavirus (HPV)16-positive patients (d), as well as high versus low HPV16 E5 (e) and HPV16 E6 (f) mRNA expression. High and low mRNA expression was based on the 75th percentile (p75). Sample sizes differ, depending on techniques used. material of a large cohort of patients. High mEGFR protein expression as well as high HPV16 E5 and E6 mRNA levels were shown to predict an unfavorable prognosis in cervical cancer. Furthermore, our data showed for the first time that overexpression of mEGFR is influenced by chromosome 7 aneuploidy and HPV16 E6 mRNA expression. 
